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Introduction
The Greater Tibetan Plateau is a geological amalgamation that comprises a number of accreted blocks separated by suture zones (Fig. 1a) . The continental collision events are progressively younger from northeast since the Early Paleozoic (e.g., ~ 450 Ma, the North Qilian Orogen; Huang et al., 2015; Song et al., 2007 Song et al., , 2013  A C C E P T E D M A N U S C R I P T
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3 Zhu et al., 2015) . Hence, the Greater Tibetan Plateau is also known as "Orogenic Plateau" (Xu et al., 2007) . The syn-collisional granitoids and volcanic rocks in the Lhasa Terrane (Fig. 1a ) are well studied (e.g., Dai et al., 2015; Kang et al., 2009; Mo et al., 2003 Mo et al., , 2005 Mo et al., , 2008 Ji et al., 2009; Ravikant et al., 2009; Sun et al., 2015; Wen et al., 2008) , while the research on the northern collisional zones is relatively limited. The East Kunlun Orogenic Belt (EKOB), which is in the northern part of the Greater Tibetan Plateau, contains voluminous syn-collisional felsic rocks and records the history of the Anyemaqen Ocean (Chen et al., 2015a; Huang et al., 2014; Xia et al., 2014) . Most importantly, the EKOB is an important component of the Central Orogenic Belt of China (Jiang, 1993; Yin and Zhang; and lies at the triple junction of the Kunlun, Qinling and Qilian orogenic belts (Fig. 1b) . It is an ideal site to discuss the tectonic evolution of these orogens.
Based on the research of syn-collisional granitoid rocks which show remarkable compositional similarity to the bulk continental crust in the Lhasa Terrane (also called Gangdese magmatic belt), Niu et al. (2013) hypothesized that continental collision zones are primary sites of net continental crustal growth. This hypothesis overcomes the shortcomings of the standard "island-arc model" (i.e., continental crust is produced through subduction-zone magmatism; Taylor, 1967) . Comparisons between "continental collision zone model" and "island-arc model" were discussed in detail by Niu and O'Hara (2009) and Niu et al (2013) . The East Kunlun magmatic belt is the only one that is comparable with the Gangdese magmatic belt on the Greater Tibetan Plateau . Hence, the EKOB is another ideal site to test the hypothesis of the "continental collisional zone model" for continental crust growth (Huang et al., 2014; Mo et al., 2008; Niu and O'Hara, 2009; Niu et al., 2013) .
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We use the petrology, geochronology, whole-rock major and trace element compositions and Sr-Nd-Hf isotopic data to constrain the petrogenesis of the Dulan batholith in the context of the tectonic evolution of the EKOB.
Geology and samples
The Kunlun orogen is divided into West Kunlun and East Kunlun by the sinistral strike-slip Altyn Tagh fault. The East Kunlun orogenic belt stretches out about 1500 km and adjoins the West Qinling orogenic belt to the east. The EKOB has a north-south extension for 50-200 km with the Qaidm basin to the north and Songpan-Garze terrane to the south. It can be divided into three tectonic zones on the basis of the major faults ( Fig. 1c ; Yang et al., 1996; Xu et al., 2011; Xia et al., 2015) .
The oldest basement of the EKOB is the Paleoproterozoic Mohe gneiss of the Jinshuikou Group that cropped out to the southeast of Xiangride town (~2390 Ma, Ba et al., 2012; Gong et al, 2012; Hao et al., 2004) . The EKOB preserves geological records of the early Paleozoic Caledonian cycles and the late Paleozoic to early Mesozoic Variscan-Indosinian cycle. The Early Paleozoic granitoids (500-400 Ma)
are comparable with those in the North Qilian orogenic belt (see Appendix Table 1 of . The Permian-Triassic granitoids are dominant in the EKOB (~25000 km 2 ) and account for 50% of the total outcrop area of the granitoids (Luo et al., 2002) .
These granitoids, which mainly display in North East Kunlun and Central East Kunlun (Fig. 1c) , are exposed as large-scale linear plutonic complexes (Fig. 2) .
The Dulan batholith (~ 235 Ma, ~ 900 km 2 ; Fig. 2 ) is located at the east end of the EKOB. It has an additional northward extension (~ 100km; 1: 250 000 Dulan geological map sheet, Tianjin Center of Geological Survey, 2003) , making the EKOB look like a rotated letter "b" (Fig. 1b) . The Triassic Dulan batholith (240-235 Ma)
intrude the Mesoproterozoic Xiaomiao formation and Paleoproterozoic Baishahe formation. Mafic magmatic enclaves (MMEs; Fig. 3a, b) , which are abundant in the collisional plutons (Chen et al., 2015b; 2016; Liu et al., 2003 Liu et al., , 2004 Luo et al., 2014; Xia et al., 2014 Xia et al., , 2015 , are common in the Dulan batholith.
We collected 29 representative samples, including 22 granitoid hosts, 5 MMEs and 2 granitic gneisses from 24 locations ( Fig. 2 ; Appendix Table 1 ) along the major river valleys cross-cutting the Dulan batholith. These granitoids are medium-coarse grained and consist of quartz (30-35%), plagioclase (35-40%), K-feldspar (15-20%), amphibole (10-15%), biotite (< 5%) and accessory minerals such as apatite, magnetite and zircon (Fig. 3) . The evolved granite DLX12-07 (SiO 2 = 75.57 wt. %) is pinkish, fine-medium grained and contains more quartz (35-40%) and K-feldspar (20-25%).
The MMEs are fine grained and have the same mineralogy as their hosts, but higher modes of mafic phases (e.g., amphibole and biotite). The MMEs are usually lenticular and undergoing plastic deformation.
Analytical methods
We cut the hand specimen into 1cm-thick pieces to ensure all the faces are fresh with saw marks grinded off. The samples were then crushed into 1-2 cm fragments using a percussion mill. The fragments were then ultrasonically cleaned in Milli-Q water, dried, and powdered into 200-mesh. Because the granitoids are coarse-grained, we grind up to ~ 500 g powder to ensure representativeness of the rock samples.
Zircon U-Pb dating and trace elements
Zircon cathodoluminescence (CL) and reflected-light images were done at China University of Geoscience, Wuhan (CUGW), where U-Pb dating and trace element analysis were carried out simultaneously using LA-ICP-MS. The diameter of the
193nm excimer later ablation spot was ~32μm. For U-Pb dating, natural zircon standard 91500 (Wiedenbeck et al., 1995) Liu et al. (2008 Liu et al. ( , 2010 . Common Pb correction and age calculation were done using ComPbCorr#3.15 (Andersen, 2002) and Ludwig, 2003) , respectively.
Major and Trace elements
Bulk-rock major elements were determined using a Leeman Prodigy ICP-OES system at China University of Geosciences, Beijing (CUGB). The USGS standard AGV-2 and two Chinese national geological standards GSR-1 and GSR-3 were used to monitor the analytical accuracy (± 5%, see Supplementary Table 1) and precision (1σ, < 2.0%).
Trace elements were done on an Agilent-7500a ICP-MS at CUGB. About 35 mg powdered sample was dissolved in equal mixture of concentrated HNO 3 and HF with a digesting Teflon vessel and the high-pressure bomb for 48h. Similar procedure was repeated using concentrated HNO 3 for a further 24h. The digested samples were then diluted into 2% HNO 3 solutions and analyzed using ICP-MS. AGV-2 and GSR-1 were used to monitor the analytical accuracy and precision (Supplementary Table 2 ).
Analytical accuracy is better than 5% for most elements and 6-10% for Cu, Y, Dy, Ho and U.
Bulk-rock Sr-Nd-Hf isotopes
A C C E P T E D M A N U S C R I P T (2σ, n = 6), respectively.
Results
Zircon U-Pb dating and trace elements
The zircons are colorless to pale brown, euhedral to subhedral with clear prisms and pyramids and have distinct oscillatory zonings ( Fig. 4i ). Some zircon cores display clear "sandglass structure" (e.g., RSX12-34MME-3; Fig. 4i ; Wan et al., 2011; Xue et al., 2010) . The zircons have varying Th (51-693 ppm) and U (116-1109 ppm)
with Th/U ratios of 0.40-0.98 (see Supplementary Table 4) , consistent with being of magmatic origin (Hoskin and Schaltegger, 2003) .
The Concordia ages of four granitoid and two MME samples indicate that the batholith was emplaced in the time frame of 240-235 Ma (see Fig. 4 ). It is worth noting that the MMEs have identical ages with their granitoid hosts. Meanwhile, we also analyzed zircons of the granitic gneiss (RSX12-12; Fig. 4h ) of the Paleoproterozoic basement (i.e., Baishahe formation) in the East Kunlun (1: 250 000
Dulan geological map sheet). The data show that two of the oldest zircons are ~2.1Ga.
This metamorphic age is important for the basement histories, but is beyond the scope of this paper.
Major and trace elements
The total alkalis vs. silica (TAS) diagram ( Niu and Batiza, 1997; Niu et al., 1999) resembling that of bulk continental crust (BCC, Rudnick and Gao, 2003; Fig. 8) . The average composition of the granitoids shows remarkable similarity to the bulk continental crust (Fig. 7b) . Fig. 11b ; Chauvel et al., 2008; Zindler and Hart, 1986) . However, the ε Hf value of the EKOB granitoids is higher at a given ε Nd value. Huang et al (2014) has discussed the possibility that the elevated 176 Hf/ 177 Hf may be caused by incomplete digestion of zircons because most of the Zr (also Hf, because of the similar element behavior of them) resides in zircons. Figure 9d shows that the Lu-Hf pseudio-isochron age is 424 Ma. This age is much higher than the zircon U-Pb ages (~235-240 Ma)
Bulk-rock Sr-Nd-Hf isotopes
A C C E P T E D M A N U S C R I P T = 0.73802, ε Nd (t) = -17.0, ε Hf (t) = -15.5, t = 235 Ma, this study).
Discussion
Syn-collisional granitoids of EKOB
The ophiolites from the Anyemaqen suture zone were considered as fragments of the Paleo-Tethys Ocean crust (Bian et al., 2004; Konstantinovskaia et al., 2003; Sigoyer et al., 2014; Yang et al., 1996 Yang et al., , 2009 ). The Anyemaqen Ocean, which is a part of Paleo-Tethys Ocean (Fig. 12a) , was probably opened at or before the Early reported here are syn-collisional granitoids in response to the collision of the Songpan-Garze terrane and Qaidam terrane (Fig. 12b) .
Source and melting mechanism of the syn-collisional granitoids
The petrogenesis of the Triassic granitoids of the EKOB is controversial. Xia et al. (2014) Bowen (1928) proposed that granite can also be products of crystallization differentiation from mantle-derived basaltic magma under high temperature (900~1000°C) and water-undersaturated conditions. The Hf isotopic data of Dulan batholith (ε Hf (t) = -0.83 to + 3.68) and other East Kunlun Triassic granitoids (Figs 10c, d; Ding et al., 2015; Huang et al., 2014; Xia et al., 2015; Zhang et al., 2015) are indicative of significant mantle contribution. Figure 8 shows that the Nb* and Ta* values of the Dulan batholith are obviously lower than the values of the peralkaline rhyolites resulting from protracted fractional crystallization of mantle-derived alkali basaltic melts (Shao et al., 2015) . Since the D Nb ≈ D Th < D Ta ≈ D U during magma evolution (Niu and Batiza, 1997) , the lower Nb/Th (or Nb*) and Ta/U (or Ta*) feature of the granitoids (which is identical to the BCC, also see Fig. 7b ) must have been inherited from sources or source histories. Therefore, the Dulan batholith cannot be
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12 products of mantle-derived basaltic magma. The bulk-rock Nd isotopic feature (ε Nd (t) = -6.40 to -5.10) of the Dulan batholith suggests that there must be contributions of continental crustal materials. Because the pre-existing old crustal materials have rather lower Nd and Hf isotopes (e.g., RSX12-12，ε Nd (t) = -17.0 and ε Hf (t) = -15.5, t = 235 Ma; Fig. 11b ; Appendix Table 3 ), this mature crustal materials cannot be the main sources of the syn-collisional Triassic granitoids.
Partial melting of the basaltic oceanic crust can produce large volumes of andesitic plutons with mantle isotope signature (Chen et al., 2015b (Chen et al., , 2016 Huang et al., 2014; Mo et al., 2008; Niu et al., 2013; Zhang et al., 2015) . Here we infer that the underthrust Paleo-Tethys oceanic crust may be the most probable candidate for the syn-collisional andesitic magmatism of the EKOB. Simple Sr-Nd-Hf isotopes mass balance calculation shows that melting of source rocks equivalent to ~ 85%
Paleo-Tethys MORB and ~15% mature crustal material (Proterozoic gneiss, RSX12-12) can explain the petrogenesis of the Dulan batholith (Fig. 11) . For the mechanism and conditions of the partial melting of the ocean crust and sediments, Mo et al. (2008) proposed that the ocean crust and sediments can melt under amphibolite face conditions (also see Niu et al., 2013) . The underthrusting cold Anyemaqen Ocean crust evolves along a high T/P geothermal path and has longer time to absorb heat from the prior hot active continental margin. The highly hydrated ocean crust (along with minor terrestrial sediments) begins to melt when it reaches the hydrous basaltic solidus under amphibolite conditions (see details in Mo et al., 2008; Niu et al., 2013) .
The origin of MMEs in granitoids has been the subject of debate (e.g., Barbarin, 2005; Chappell, 1996; Chen et al., 2015b; Dahlquis, 2002; Dodge and Kistler, 1990; Niu et al., 2013) , but Chen et al. (2015b Chen et al. ( , 2016 demonstrated that the coeval MMEs in the North Qilian Orogen (~430 Ma) are most consistent with early stage cumulate of
13 mafic minerals of the same magmatic system, which argues against the interpretations of mantle melt origin (e.g., Barbarin, 2005; Chen et al., 2009 ) and the restite model (e.g., Chappell, 1996; Chen et al., 1989) . The Nb* and Ta* of the MMEs (except YDE12-05) are higher than the host granitoids which have similar values to the bulk continental crust (Fig. 8) . This can be explained by the high partition coefficients of Nb (vs. Th) and Ta (vs. U) in amphiboles and Ti-Fe oxides because the MMEs represent accumulation of more mafic compositions dominated by amphiboles. Here we also consider the coeval MMEs are early liquidus mineral cumulate as they have the same mineralogy (but more mafic mineral, e.g., Amp and Bi), age and indistinguishable Sr-Nd-Hf isotope compositions as the host granitoids.
Quantitative modeling of our interpretation
We have done simple batch melting calculations ( (Fig. 7) .
The Nb/Th and Ta/U ratios will be reduced accordingly against the protolith (Nb/Th = 4.78, Ta 
Tectonic implications for the Qinling, Qilian and Kunlun orogenic belts
The Dulan batholith lies at the triple junction of the East Kunlun, West Qinling and Qilian orogenic belts (Fig. 1b) . Jiang (1993) named Kunlun, Qinling and Dabie orogens (~4000km) the Central Orogenic Belt (COB) in order to emphasize their integrity and that they are located in the middle of China. The broadly-defined COB also contains the Qilian orogenic belt (Sun and Tian, 2001; Yin and Zhang, 1998; Zhang and Liu, 1998) . The COB records both Proto-Tethys Ocean and Paleo-Tethys
Ocean related subduction and collision events (Yin and Zhang, 1998; Zhang and Liu, 1998) . The Tethys Ocean is thought to have been characterized by having multiple small continents as the result of breakup of the Gondwana supercontinent and accretion of the Eurasia continent (Bian et al., 2004; Dong et al., 2011;  M A N U S C R I P T
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15 Konstantinovskaia et al., 2003; Pan et al., 1997; Sigoyer et al., 2014; Xu et al., 1998; Yang et al., 1996 Yang et al., , 2009 ). Yan et al. (2012) proposed that the West Qinling orogen is an accretionary wedge-shaped terrane and plunged into the Qilian and Kunlun orogenic belts during the Triassic (also see Fig. 8 of Xu et al., 2013) . Considering: (1) the Triassic granitoids are widespread along the West Kunlun, East Kunlun and Qinling orogenic belts (e.g., Chen et al., 2013; Huang et al., 2014; Liu et al., 2003 Liu et al., , 2004 Luo et al., 2014; Xia, et al., 2014; Zhang et al., 2015) ; (2) Songpan-Garze terrane (Yin and Zhang, 1998) , the Kunlun-Qinling orogen will yield near west-east tension and developed conjugated faults (A and B) . The Wenquan fault was developed along shear plane A and this can also explain the distribution direction of the Triassic plutons and volcanic rocks. There are two groups of strike-slip fault (NNW and NE; Sun, 2014) which are consistent with these two sets of conjugate faults system in the East Kunlun and West Qinling. Kuhai-Shaishitang ophilite mélange zone is located in the Kunlun-Qinling conjunction area, northeast to the Dulan batholith. This zone developed all kinds of deformation, such as structural lens,
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16 shear fold, boudin and mica fish (Sun, 2014) . In conclusion, these geological observations support our inference.
As discussed in section 5.2, the petrogenesis of the Dulan batholith is consistent with an origin via partial melting of the last fragments of underthrusting Anyemaqen
Ocean oceanic upper crust and the REE and trace element patterns of the Dulan batholith show remarkable similarity to the BCC (Fig. 7b) . We thus suggest that the hypothesis of "continental collision zones as primary sites for net continental crust growth" (Niu et al., 2013 ) is applicable in the EKOB. (Chen et al., 2015a; Luo et al., 2014; Xia et al., 2014) . Niu and Batiza, 1997; Niu et al., 1999) .
The Dulan batholith data plot close to the bulk continental crust (BCC; Rudnick and Gao, 2003) , rather lower than those of mantle derived melts (peralkaline rhyolites from eastern Australia (see Shao et al., 2015) . Average OIB, E-MORB, N-MORB (Niu and O'Hara; , primitive mantle (PM; Sun and McDonough, 1989) Light blue diamonds (whole rock data, West Kunlun; Zhang et al., 2015) ; green triangles (whole rock data, East Kunlun; Huang et al., 2014); purple crosses and blue crosses (zircon data, East Kunlun; Ding et al., 2015; Xia et al., 2015) . plagioclase (Niu and Lesher, 1991) . The mineral partition coefficients are from the Geochemical Earth Reference Model (http://earthref.org/KDD/). All the data are normalized against average MORB with 75% N-MORB and 25% E-MORB (Niu and O'Hara, 2003) . 10% and 20% batch melting of the assumed protolith reproduces the Dulan batholith compositions (EKOB) reasonably well except for the HREEs.
